Background {#Sec1}
==========

Diabetic retinopathy (DR) is one of the leading cause of acquired vision loss in the working-age population in developed countries \[[@CR1]\]. It is the most frequently detected microvascular complication of type 1 and 2 diabetes mellitus \[[@CR2]\]. Diabetic macular edema (DME) is the most common cause of vision loss in patients with DR \[[@CR3]\]. The prevalence of DME in patients with DR increases with age; approximately one-third of patients who have had DR for more than 20 years develop DME \[[@CR4]\]. Due to the rapid rise in the number of diabetic patients, the treatment burden of patients with DME has increased exponentially.

The role of anti-vascular endothelial growth factor (anti-VEGF) therapy in the treatment of DME has been well documented. Several large multicenter clinical trials have proven the efficacy of anti-VEGF treatments for DME \[[@CR5]--[@CR7]\]. Although the results of these trials have shown several benefits, the treatment results are variable. A 2018 Cochrane meta-analysis on the use of anti-VEGF agents in DME concluded many positive effects such as superiority of the treatment overall compared to older modalities, such as laser. Furthermore, there was a noted overall improvement in various quality of life surveys. These treatments, however, were associated with certain limitations, such as an increased risk of adverse events such as endophthalmitis and thromboembolic events. Furthermore, only 30--40% of patients were reported to experience a 3-line or better improvement in best-corrected visual acuity (BCVA) within 1 year \[[@CR8]\]. One hypothesized explanation suggests a subset of patients with undetectable VEGF levels in the vitreous when analyzed via vitreous biopsy \[[@CR9]\].

A lot of recent research and effort has been focused on developing novel treatment options that can achieve a more efficacious and consistent response. Research has shown that the pathogenesis of DR and DME is affected by a multitude of pro-inflammatory cytokines and chemokines in addition to VEGF. Currently, several agents are being developed that target these alternate treatment pathways. Other alternate routes of drug administration are also being explored in order to minimize the inherent risks associated with intravitreal injections. Such effort has even prompted a call for a more personalized and individualized treatment regimen for each patient, possibly based on individual vitreous analyses, as the future of treatment for both DR and DME \[[@CR9]\].

In this review, we evaluate selected novel treatment agents that target the various pathways associated with DME (Fig. [1](#Fig1){ref-type="fig"}). Though not all treatment agents discussed in this review have been directly investigated in their efficacy against DME, it is the authors' opinion that since they act on the same pathways involved in the pathogenesis of DME, they have a strong potential for use in future trials, should they prove efficacious. Other possible treatment modalities such as neuroprotection and gene therapy have also been briefly discussed, in order to provide a roadmap for future expectations.

Investigational agents {#Sec2}
======================

Vascular endothelial growth factor inhibitors {#Sec3}
---------------------------------------------

### Conbercept {#Sec4}

Conbercept (FP3/KH902) (Lumitin; Chengdu Kanghong Biotech, Ltd., Sichuan, People's Republic of China) is a soluble fusion protein derived from the extracellular domains of VEGF receptors 1 and 2 and the Fc portion of human immunoglobulin G1 (IgG1) \[[@CR10]--[@CR13]\]. Conbercept has a very high affinity for all isoforms of VEGF-A, VEGF-B, VEGF-C and placental growth factor (PGF). The affinity of conbercept for VEGF-A has been reported to supersede that of ranibizumab and bevacizumab as well as the native VEGF receptor \[[@CR13], [@CR14]\]. Given its similar structure to aflibercept, excellent safety and efficacy profile, conbercept has gained attention as a promising treatment \[[@CR15]\].

Initial studies, with limited sample sizes, have demonstrated the role of conbercept in local anti-angiogenic treatment for human choroidal neovascularization (CNV) caused by AMD \[[@CR12], [@CR16], [@CR17]\]. Recently concluded trials have demonstrated that intravitreal conbercept was well tolerated in patients with neovascular AMD, with an improvement in BCVA, macular edema and leakage, and reduction in the risk of recurrent hemorrhagic episodes; no drug-associated intraocular inflammation, endophthalmitis or serious adverse events were reported in the phase 1 and phase 2 clinical trials \[[@CR17]--[@CR19]\]. In 2018, a retrospective study was published from China evaluating the effectivity of conbercept in use for DME with different baseline BCVA. In the study, a total of 107 eyes of 107 patients were subdivided into 4 groups based on baseline visual acuity. These groups were then assessed as those treated with conbercept versus those untreated. The study noted that, at 12 months, mean BCVA improved significantly when comparing conbercept to no treatment, with greater improvement for those with worse baseline BCVA (18.0 ± 15.0 letters vs − 4.0 ± 6.0 letters, P \< 0.001) compared to those with better baseline BCVA (7.0 ± 1.0 letters vs − 5.0 ± 5.0 letters, P \< 0.001). The study concluded that conbercept may be a viable agent for use in the treatment of DME \[[@CR20]\].

In conclusion, with the available data, conbercept has shown promise as a future treatment option for DME, but with limited evidence from large randomized clinical trials, the safety and efficacy of the drug remains to be fully evaluated.

### KSI-301 {#Sec5}

KSI-301 (Kodiak Sciences) is a novel anti-VEGF anti-body biopolymer conjugate (ABC platform™) developed for the treatment of retinal vascular diseases. KSI-301 binds to VEGF-A. The drug has been specifically engineered for increased durability. The molecular weight of KSI-301 is 950 kilodaltons vs. 48 kDa for ranibizumab and 115 kDa for aflibercept. Additionally, KSI-301 has a 3.5-fold greater molar dose than aflibercept. Such large molecular structure leads to an estimated intraocular anti-VEGF effect of KSI-301, at three months, based on preclinical studies, to be 1000-fold greater than aflibercept \[[@CR21]\]. In a phase 1a study of 9 patients with DME a single dose of KSI-301 showed a median of 9 ETDRS letter improvement across all dose groups. The study drug was reported to be well tolerated \[[@CR22]\]. The phase 1b study included 105 patients with wet AMD, DME or retinal vein occlusion (RVO) that were randomized 1:3 to receive KSI-301 2.5 mg or 5 mg. Patients received 3 initial injections at 4 weekly intervals followed by as needed injections starting at week 16. 25 AMD patients who reached week 16 demonstrated a BCVA gain of 5.4 letters, 12 DME patients that reached week 16 demonstrated an 8.4 letter visual acuity gain, and 15 RVO that reached week 16 gained 21.3 letters. The investigators reported excellent safety outcomes, with no cases of intraocular inflammation \[[@CR23]\]. The phase 1b study has been extended to 18 months for collection of additional data.

A phase 2, randomized, multi-center, double masked study, named DAZZLE, is currently enrolling treatment naïve neovascular AMD patients (n = 368) and randomizing them into either 5 mg KSI-301or 2 mg aflibercept. KSI-301 will be dosed every 12, 16 or 20 weeks depending on disease activity. The estimated study completion date is November 2022.

### Brolucizumab {#Sec6}

Brolucizumab (RTH258) is a single-chain antibody fragment (scFv) with the smallest molecular weight (26 kDa) in the lineup of anti-VEGF antibodies. It is capable of inhibiting all isoforms of VEGF-A. Due to its small size and design, 6 mg of brolucizumab can be administered in a 50 µL IVT injection, which is approximately 12 and 22 times the dose of 2.0 mg AFL and 0.5 mg RBZ \[[@CR24]\]. Smaller size of the drug is also associated with enhanced tissue penetration and rapid clearance from systemic circulation.

Two similarly designed phase 3 trials (HAWK and HARRIER) compared brolucizumab with aflibercept in eyes with neovascular AMD. 1817 eyes with untreated active neovascular AMD were included. Subjects receiving both study drugs received three monthly loading doses followed by 8 weekly AFL (2 mg) and 12 weekly brolucizumab (3 mg or 6 mg) injections, with an option to adjust to an 8-week dosing based on disease activity in the brolucizumab group. At the primary endpoint (48 weeks), brolucizumab demonstrated non-inferiority to aflibercept in mean change in BCVA, with more than half of the subjects were maintained on q-12 week dosing through week 48. Additionally, mean CST reduction and resolution in intra- and sub-retinal fluid was significantly higher in subjects receiving brolucizumab. Adverse events were reported to be similar in both groups \[[@CR25]\].

Following the excellent results with neovascular AMD, two phase 3 studies evaluating the role of the study drug in DME have been launched. These are randomized, double masked, multicentered phase 3 clinical trials comparing the safety and efficacy of brolucizumab with aflibercept (NCT03481634 and NCT04058067). These studies are currently ongoing.

Although the initial results with brolucizumab have been promising, the drug's safety is currently under review due to reports of clinically significant intraocular inflammation and occlusive retinal vasculitis associated with the study drug in the HAWK and HARRIER studies as well as in patients with neovascular AMD treated with brolucizumab after the drug was approved by the FDA \[[@CR26]--[@CR30]\]. In addition, Novartis, the manufacturer of brolucizumab, has also reported the occurrence of vitritis and retinal vasculitis in subjects with DME being treated with RTH 258 in current studies \[[@CR31], [@CR32]\].

### Ziv-Aflibercept {#Sec7}

Ziv-aflibercept (Zaltrap, Sanofi-Aventis US, LLC, Bridgewater, New Jersey, USA and Regeneron Pharmaceuticals, Inc, Tarrytown, New York, USA) is a recombinant fusion protein of 115 kDa consisting of the Fc segment of immunoglobulin G1 fused with the second extracellular domain of VEGFR-1 and the third extracellular domain of VEGFR-2. It binds to all isoforms of VEGF-A, VEGF-B, and placental growth factor (PGF), and has high affinity for these growth factors \[[@CR33]--[@CR35]\]. It is identical in molecular structure to aflibercept \[[@CR36]\]. Ziv-aflibercept was approved by the US FDA for use in combination with FOLFIRI (5-fluorouracil, leucovorin, and irinotecan) after demonstrating a survival benefit in patients with metastatic colorectal cancer \[[@CR35], [@CR37]\]. Mansour et al. were among the first clinician scientists to demonstrate the ability of 1.25 mg/0.05 mL ziv-aflibercept to improve visual acuity and decrease central foveal thickness in eyes with DME. \[[@CR38]\].

Some prospective studies have highlighted the safety of intravitreal ziv-aflibercept in different macular diseases \[[@CR38]--[@CR41]\]. Andrade et al. reported ziv-aflibercept as a safe and effective treatment option in patients with DME \[[@CR42]\]. They enrolled 7 consecutive patients with DME who were given six intravitreal injections of ziv-aflibercept at a 4-week interval. At the end of 24 weeks, a significant decrease in central macular thickness and an improvement in visual acuity were observed. No significant differences were found in the amplitude or implicit time of any full-field electroretinography component after the injections. Mansour et al. reported 3-month results of ziv-aflibercept in 17 patients with DME. They reported that ziv-aflibercept improved visual acuity in patients with DME and no toxicity was observed; the investigators suggested that ziv-aflibercept may be a cost effective alternative to the approved aflibercept, especially in countries where aflibercept is not available \[[@CR43]\].

It must be noted, however, that currently, ziv-aflibercept is being used off label in a similar manner to bevacizumab, in that both agents are compounded from large, single use bottles into small syringes. Although this translates to a lesser per-unit cost, it does raise some concerns regarding the overall safety of the agent. To that end, a large retrospective multicenter study was performed, which evaluated the overall safety of near 6000 injections (5914 in study) in 1704 eyes of 1562 patients, across 14 centers. The study assessed for adverse outcomes. Outcomes were noted to be similar to commercially available IVT anti-VEGF medications, with 9 events of increased intraocular pressure, 3 events of subconjunctival hemorrhage, 3 events of intraocular inflammation and 1 event each of endophthalmitis, conjunctival thinning and scleral nodule being noteworthy. Serious systemic adverse events included 2 cases of CVAs, 2 deaths and 1 myocardial infarct were also noted, but could not be definitively linked to the use of ziv-aflibercept. It was concluded that the safety profile of ziv-aflibercept was similar to that of commercially available anti-VEGF IVT agents \[[@CR44]\].

In another randomized multi-center clinical trial investigators compared 2 doses of IVT ziv-aflibercept with bevacizumab for treatment of DME. A total of 123 eyes were randomized in a 1:1:1 fashion to receive either 1.25 mg of ziv-aflibercept, 2.5 mg ziv-aflibercept or 1.25 mg bevacizumab. Although, the authors reported no significant differences at 1 year, the visual changes in both ziv-aflibercept groups were significantly better compared to the bevacizumab group at final follow-up. The authors also reported higher visual gains at the one-year mark in both ziv-aflibercept groups in patients with baseline vision ≤ 20/50 \[[@CR45]\].

In conclusion, intravitreal injections of ziv-aflibercept may be a safe and effective option for patients with DME, and its lower cost (100-fold price differential between ziv-aflibercept and aflibercept) and longer durability of action provide added benefit \[[@CR46]\].

Ankyrin repeat proteins {#Sec8}
-----------------------

### Abicipar pegol (MP0112) {#Sec9}

Ankyrin repeats are one of the most common protein patterns found in nature. They are amino acid sequences composed of a β-turn followed by two anti-parallel α-helices and a loop \[[@CR47]\]. When stacked together, these proteins form ankyrin repeat proteins that can serve as protein binders \[[@CR48]\]. Libraries of artificially stacked designed ankyrin repeat proteins (DARPins) are developed to target specific proteins. These proteins demonstrate high specificity and affinity towards their target.

Abicipar pegol (Allergan, Irvine, CA, USA), previously known as MP0112, is an artificially designed DARPin that binds to and inhibits the actions of soluble forms of VEGF-A. A phase I/II, open-label, multicenter dose-escalation trial evaluated the safety and bioactivity of MP0112 in eyes with DME \[[@CR49]\]. A single intravitreal injection of 0.4 mg MP0112 resulted in half-maximal inhibitory concentration and neutralization of VEGF in aqueous humor for 8--12 weeks. At week 12, the mean improvement in BCVA was 10 letters and the reduction in the mean central subfield thickness was 100 µm in the 0.4 mg cohort. Intraocular inflammation was observed in 11/18 (61%) eyes, out of which 39% \[[@CR7]\] were attributed to the pro-inflammatory molecules in the study drug formulation, as was later shown by high resolution chromatography.

The PALM study, a phase 2 study evaluating Abicipar pegol was conducted on 151 patients with DME. Although the study was not powered to show statistical significance, it reported an improvement of 7.1 letters in the Abicipar 2 mg q8w group, 7.2 letters in the Abicipar 2 mg q12w group, 4.9 letters in the Abicipar 1 mg q8w group, and 9.6 letters in the ranibizumab 0.5 mg q4w group \[[@CR50]\]. Two phase 3 trials of abicipar for neovascular AMD showed a similar stability of visual gains with q8 and q12 weekly dosing of abicipar compared to q4 dosing of ranibizumab \[[@CR51]\]. However, there were concerns regarding an increased incidence of intraocular inflammation in eyes that were treated with abicipar. The inflammation was attributed to impurities involved in the manufacturing process. Since then, the manufacturing process has been modified and subsequently evaluated in the MAPLE study, which showed a reduced incidence of intraocular inflammatory events \[[@CR52]\]. The phase 3 trials of abicipar for DME are expected to utilize this modified manufacturing process to obtain abicipar, and further evaluate the possibility of a q12 week treatment option for DME \[[@CR53]\].

Integrin peptide inhibitor {#Sec10}
--------------------------

### Risuteganib (ALG-1001, Luminate) {#Sec11}

Integrin peptides are heterodimeric transmembrane proteins, consisting of α and β subunits. They play a role in cell--cell and cell--matrix interactions by linking their extracellular ligands and the cytoskeleton. Through this transmembrane link, integrins provide regulation of survival, proliferation, and migration of endothelial cells \[[@CR54], [@CR55]\]. Small molecule antagonists of integrins αVβ~3~ and αVβ~5~ have been found to inhibit retinal neovascularization in animal models \[[@CR56], [@CR57]\]. Because the integrins are selectively expressed in endothelial cells in neovascularization, they serve as ideal targets that can selectively affect new vessels with no effect on normal vessels. This selectivity for new vessels may also enhance their safety. Antagonists of both αVβ~3~ and αVβ~5~ also block VEGF-R2 phosphorylation and VEGF-stimulated adhesion, proliferation, and migration of endothelial cells \[[@CR58], [@CR59]\]. In addition to association with VEGF, αV integrin plays a role in increased vascular permeability, which occurs as angiopoietin 2 (Ang-2) levels are increased. Thus, Ang2/integrin signaling could be a potential therapeutic target to prevent vascular leakage by pericyte loss \[[@CR60], [@CR61]\]. JNJ-26076713 is a potent, orally bioavailable, non-peptide αV integrin antagonist that markedly inhibits vascular permeability in diabetic rats \[[@CR62]\].

Risuteganib (ALG-1001, Luminate^®^, Allegro Ophthalmics, LLC.) is a small oligopeptide which is currently the first-in-class therapy and provides the benefit of targeting and inhibiting multiple integrin subunits involved in retinal angiogenesis with a long-lasting effect. This linear form of anti-integrin oligopeptide effectively binds to α~5~β~1~, αVβ~3~ and αVβ~5~ integrins, resulting in inhibition of cell adhesion in vitro and arrest in aberrant blood vessel growth in vivo. In oxygen-induced retinopathy mouse model studies, risuteganib reduced vascular permeability even with a single intravitreal dose \[[@CR63]\].

Phase 1 trials of risuteganib in patients with DME noted an improvement in BCVA and CMT with no serious or significant adverse events. Furthermore, clinical improvements appeared to last at least 90 days post treatment with risuteganib in nearly all subjects who experienced improvements. A phase 2 randomized, controlled, double-masked, multicenter clinical trial was designed to evaluate the safety and exploratory efficacy of risuteganib. It evaluated the safety and efficacy of three different doses of risuteganib (1.0 mg, 2.0 mg and 3.0 mg) in comparison with bevacizumab and focal laser photocoagulation in patients with DME (NCT02348918). The primary end point of the study demonstrated non-inferiority to bevacizumab (defined as ≤ 3-letter difference) in mean change in BCVA at week 20. Mean gain in BCVA was 5.2 letters for subjects in the 1.0 mg risuteganib arm compared to 7.0 letters for subjects in the 1.25 mg bevacizumab arm. The secondary endpoint was non-inferiority to bevacizumab (defined as ≤ 30 µm difference) in mean change in CST as measured by OCT. At week 20, subjects in the 1.0 mg risuteganib arm showed a mean reduction of 77 µm versus 104 µm in the 1.25 mg bevacizumab arm \[[@CR64]\].

A phase 2 trial subsequently investigated the safety and efficacy of risuteganib as a sequential therapy or a combination therapy in 80 patients with DME. Patients received one treatment of 1.25 mg bevacizumab (week 0) followed by three 1.0 mg risuteganib injections (weeks 1, 4, and 8) and 12 weeks of treatment, compared to 5 injections given every 4 weeks with bevacizumab. The mean gain in visual acuity in the sequential therapy group was 7.1 letters compared to 6.7 letters in the bevacizumab group. The trial also found that risuteganib was well-tolerated with no drug toxicity or intraocular inflammation. Allegro is currently preparing to launch two phase 3 trials for further evaluation of risuteganib for diabetic macular edema.

Angiopoietin pathway stimulator {#Sec12}
-------------------------------

### Tie-2 stimulator {#Sec13}

Tie-2 is a tyrosine kinase receptor that is predominantly located on vascular endothelial cells and plays a critical role in vascular stability. Angiopoietin-2 binds to and activates Tie-2, leading to increased vascular stability. Angiopoietin-2 (Angpt2) and vascular endothelial-protein tyrosine phosphatase (VE-PTP) are negative regulators of Tie-2, that are increased by hypoxia, leading to increased vascular leakage and neovascularization \[[@CR65]\]. AKB-9778 (Aerpio Therapeutics, Cincinnati, OH, USA) is a synthetic molecule (p-substituted phenylsulfamic acid) (non '-ib') that binds to an inhibits VE-PTP, thereby leading to an increased phosphorylation of TIE-2.

An open-label, dose-escalating phase 1 trial of AKB-9778 in patients with DME showed excellent safety profile \[[@CR66]\]. The TIME-2 study, A phase 2, double-masked, randomized placebo and sham injection controlled trial assessed the effect of subcutaneous AKB-9778 alone and in combination RBZ in patients with DME \[[@CR67]\]. 144 subjects were randomized into three groups: (1) Subcutaneous AKB-9778 twice per day (BID) with monthly sham intraocular injection; (2) Subcutaneous AKB-9778 BID with monthly IVT RBZ (0.3 mg); or (3) subcutaneous placebo injections BID with monthly IVT RBZ (0.3 mg). At the primary endpoint, the combination group demonstrated significantly greater change in mean CST (− 164.4 ± 24.2 μm) compared to ranibizumab monotherapy (− 110.4 ± 17.2 μm) and AKB-9778 monotherapy group (6.2 ± 13.0 μm). The mean change in BCVA was 6.3 ± 1.3, 5.7 ± 1.2, 1.5 ± 1.2 in the combination, ranibizumab monotherapy and AKB-9778 monotherapy groups, respectively.

The TIME-2b study, a phase 2b clinical trial designed to assess the efficacy and safety of AKB-9778, for patients with moderate to severe non-proliferative diabetic retinopathy (NPDR), did not meet the study's primary endpoint of the percentage of patients with an improvement of two or more steps in the study eye diabetic retinopathy severity score (DRSS) compared to placebo \[[@CR68]\].

Rho kinase inhibitor {#Sec14}
--------------------

### AR-13503 {#Sec15}

AR-13503 (Aerie Pharmaceuticals) is a sustained release intravitreal implant designed for the treatment of neovascular AMD and DME. This molecule drug inhibits both Rho kinase and protein kinase C, over a sustained period. The implant which is made of a bio-erodible polyesteramide polymer, has been reported to be well tolerated, with the potential to deliver effective levels of the drug to the retina and RPE/choroid for a period of 5--6 months, in animal models \[[@CR69]\]. The first in human trials for AR-13503 have begun. In the first phase, a multicenter, open label, dose escalation study, will evaluate the safety and tolerability of a single intravitreal injection of AR-13503 SR implant in two doses in 12 patients. The second phase, is a multicenter, single-masked, randomized, parallel group study including up to 90 patients, that will study AR-13503 SR's safety and preliminary efficacy dosed as monotherapy and in combination with Eylea (aflibercept, Regeneron), compared with aflibercept alone (NCT03835884) \[[@CR70]\].

### Anti-VEGF and anti-angiopoietin combination therapy {#Sec16}

Faricimab (RO6867461/RG7716) binds to tyrosine kinase receptors on endothelial cells and regulates vasculogenesis. Specifically, Angiopoietin-2 (Ang-2) is an antagonist of the tyrosine kinase receptor and leads to destabilization of the endothelial cell layer and pericyte loss, leading to vascular leakage \[[@CR60], [@CR71]\].

Faricimab is a humanized bispecific antibody that was developed using the CrossMAb technology by Roche (Basel, Switzerland). This technology ensures heterodimerization of two different antigen binding domains in a single molecule \[[@CR53]\]. Faricimab was designed to bind and block both VEGF and angiopoietin-2 (Ang-2) simultaneously, thereby blocking two separate pathways associated with DME.

The BOULEVARD study was 36-week, randomized, multi-center clinical trial that evaluated faricimab vs ranibizumab in 229 patients with DME. Anti-VEGF treatment-naïve patients were randomized 1:1:1 to intravitreal 6.0 mg faricimab, 1.5 mg faricimab and a 0.3 mg ranibizumab. The drug was administered every 4 weeks in all study groups. In treatment-naïve patients, 6.0 mg faricimab, 1.5 mg faricimab, and 0.3 mg ranibizumab resulted in mean improvements of 13.9, 11.7, and 10.3 ETDRS letters from baseline, respectively. The 6.0-mg faricimab dose demonstrated a statistically significant gain of 3.6 letters over ranibizumab (P = 0.03) \[[@CR72]\]. The faricimab group also demonstrated a longer time to retreat during the follow-up period compared to ranibizumab. These study results demonstrated the potential added benefit of simultaneous inhibition of both VEGF and Ang2.

Two large phase-3 trials, RHINE (ClinicalTrials.gov identifier, NCT03622593), and YOSEMITE (ClinicalTrials.gov identifier, NCT03622580) are currently ongoing to further evaluate the safety and efficacy of faricimab for DME.

Interleukin inhibitor {#Sec17}
---------------------

### Ro7200220 {#Sec18}

RO7200220 is a recombinant fully humanized immunoglobulin G2 (IgG2) isotype monoclonal antibody (mAb) that potently binds interleukin-6 (IL-6) and inhibits all known forms of IL-6 signaling. The antibody has specific mutations in the constant regions which reduce its affinity to neonatal Fc receptor to increase systemic clearance, and is intended for the treatment of ocular posterior inflammatory diseases such as diabetic macular edema (DME), uveitic macular edema, and neovascular age-related macular degeneration (nAMD) by intravitreal (IVT) administration. The therapeutic benefit of for participants enrolled in this first-in-human study is unknown. The evaluation of potential risks of RO7200220 in humans is based primarily on available data from non-clinical toxicology studies and documented class risks from other drugs targeting IL-6 \[[@CR73]\]. A phase 1 multi-center, non-randomized, open-label multiple ascending dose study of RO7200220 with unilateral IVT administration in patients with DME has been designed to evaluate a range of IVT doses expected to be safe and potentially effective in patients with DME. The study has been divided into 3 parts: part 1 is designed to evaluate a range of IVT doses expected to be safe and potentially effective in patients with DME; part 2 evaluates RO7200220 in monotherapy at the highest identified safe dose from Part 1 for additional safety data collection and initial pharmacodynamic (PD) evaluation; and part 3 evaluates a combination of RO7200220 (at the highest identified safe dose from Part 1) and ranibizumab, administered as dual injections.

Future therapies in development {#Sec19}
-------------------------------

### Gene therapy {#Sec20}

Intraocular gene delivery is a novel concept in the treatment of DR and DME, which can potentially aid with long-term management of these pathologies \[[@CR74]\]. Intravitreal injection can allow intraocular gene delivery using viral and non-viral vectors. Adenoviruses, lentiviruses and nanoparticles are under evaluation for their safety and efficacy as intraocular delivery agents \[[@CR75]\]. Even though gene therapy is in its preliminary stages at the moment, several studies are being designed in order to evaluate this therapeutic approach \[[@CR74], [@CR76]\].

Altered gene expression of anti-oxidant pathways and enzymes such as superoxide dismutase is thought to be involved in pathogenesis of DR \[[@CR77]\]. Preclinical studies are currently assessing the role of gene therapy in targeting these genetic pathways. Intraocular renin-angiotensin pathway is another studied target for gene therapy in preclinical studies \[[@CR78]\].

Small interfering RNAs (siRNA) is one of the most used RNA interference mechanism in inducing short-term changes in gene expression. The role of siRNA was studied in a multicenter, prospective controlled trial, where a double-stranded siRNA, PF-04523655 targeting the RTP801 gene was studied in subjects with DME. A dose-related improvement in visual acuity was shown in the study with limited adverse effects. However, the study was terminated based on discontinuation rates and changes in BCVA from baseline at month 12 \[[@CR79]\].

Epigenetic factors are also thought to play a critical role in the pathophysiology of DR. A number of microRNAs (miRNAs) are being studied with the potential for post transcriptional regulation of gene expression in DR \[[@CR80], [@CR81]\].

Currently, gene therapy in terms of its role in the management of eye disease, is still in its infancy. Many factors affecting the various pathways which mediate inflammation and angiogenesis in the setting of DR have been noted and multiple treatments have been attempted with variable outcomes. Due to the link between DR and DME, it is hoped that gene therapy may be a useful tool in the management of DME. Though initial studies are still lacking, gene therapy may yet prove to be a viable treatment option in the future.

### Neuroprotective agents {#Sec21}

Increasing evidence has demonstrated the role of neurodegeneration as an early event in the pathogenesis of diabetic retinopathy \[[@CR78], [@CR82], [@CR83]\]. Retinal functional abnormalities measured by means of ERG have been found in diabetic patients even in the absence of microvascular abnormalities \[[@CR84]\]. Additionally, neuronal apoptosis and gliosis have been observed in diabetic donors without microvascular abnormalities \[[@CR85]\]. Therefore, an understanding of the mechanisms leading to neurodegeneration, and its association with microangiopathy is critical to develop agents that can target the disease process at an early level.

The first randomized clinical trial to assess the safety and efficacy of neuroprotection in diabetic patients, the EUROCONDOR study (European Consortium for the Early Treatment of Diabetic Retinopathy) was initiated to assess whether selected neuroprotective drugs (brimonidine and somatostatin) administered topically were able to arrest or prevent the development of neurodegeneration and diabetic retinopathy. The investigators reported that neurodegeneration was not present in one-third of diabetic patients with early microvascular disease. The study results concluded that topical treatment with somatostatin and brimonidine did not seem to be useful in preventing the development of neurodegeneration, however, these protective agents were reported to be effective in preventing the progression of neurodegeneration in patients that already had some degree of neurodegeneration. Somatostatin was also found to have a positive effect on arresting or maintaining the number of microaneurysms in comparison with placebo \[[@CR86]\].

In addition to brimonidine and somatostatin, several other neuroprotective pathways are also currently under investigation. These pathways include blocking the glutamate signaling pathway, replacement of down regulated neurotrophic factors (such as pigment epithelial growth factor), and administration of agents such as pigment epithelium-derived factor, and tetracycline \[[@CR78]\].

In conclusion, neuroprotection is an active and upcoming area of research in patients with diabetic retinopathy. Identification of patients with neurodegeneration, and tailoring their therapy to include appropriate neuroprotective agents, may help reduce the disease burden in patients with diabetic retinopathy.

Conclusions {#Sec22}
===========

Since the introduction of anti-VEGF agents, in the management of center-involved DME during the past decade, there has been substantial improvement in visual outcomes for patients with center-involved DME. The beneficial effect of anti-VEGF agents on DME as well as diabetic retinopathy have been demonstrated in several multicenter randomized clinical trials. Agents such as RBZ and AFL have been well established as first-line therapies for DME by the US FDA. Although used off-label, BCZ has shown similar results and is also widely used.

While these anti-VEGF agents have been instrumental in revolutionizing the visual outcomes of patients with center involved DME, a substantial proportion of patients have recalcitrant DME with suboptimal response to anti-VEGF therapy. The DRCRnet protocol I showed that more than 40% of eyes that were treated with RBZ did not achieve complete resolution of DME \[[@CR87]\]. In addition, clinical trials such as the RISE and RIDE (RBZ), VISTA-DME and VIVID-DME (AFL), among others, have shown that most patients require multiple injections, and more than one-third of patients require injections beyond two years of therapy. Thus, there remains a need to develop biological agents that can provide better control of DME for a longer duration in order to reduce the burden of therapy.

To this end, a variety of agents have been developed in order to address the various challenges mentioned. These range from the newer variants of anti-VEGF agents that may be made at a reduced cost, to agents that target other known pro-inflammatory pathways such as PGF, ILG, APT2, to agents which target multiple pathways simultaneously. Furthermore, other novel approaches such as integrin antagonism, TIE2 receptor phosphorylation, combination therapy, neuroprotection and even gene therapy have been attempted. Additional emphasis has been placed on exploring alternate routes of administration that may enhance efficacy or minimize possible adverse events. These include subcutaneous, intravenous, or oral delivery of medications. Figure [1](#Fig1){ref-type="fig"} demonstrates the mode of action of various pharmaceutical agents that target different pathways leading to diabetic macular edema.Fig. 1A graphical depiction demonstrating the mode of action of various pharmaceutical agents that target different pathways leading to diabetic macular edema

The future of anti-DME therapy appears promising with the development of these novel agents. While there has been a significant increase in the number of anti-VEGF injections used in clinics throughout the world for the management of DME, caution must be used to try to avoid complications such as endophthalmitis, trauma to crystalline lens, and avoiding the use of injections when not indicated (for example, in patients with tractional retinal detachment). Clinician-scientists must thoroughly analyze the results of various published multicenter clinical trials before incorporating changes into their practice. Extrapolation of the results of such trials to real world scenarios must be done with care in order to ensure applicability and practicality.

AMD

:   Age related macular degeneration

Ang

:   Angiopoietin

BCVA

:   Best corrected visual acuity

CRT

:   Central retinal thickness

CST

:   Central subfield thickness

DARPin

:   Designed ankyrin repeat protein

DM

:   Diabetes mellitus

DME

:   Diabetic macular edema

DR

:   Diabetic retinopathy

IV

:   Intravenous

IVT

:   Intravitreal

PGF

:   Placental growth factor

RBZ

:   Ranibizumab

VEGF

:   Vascular endothelial growth factor

**Publisher\'s Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

None.

Manuscript preparation---MAS, SH, MH, NO, IK, AA, RA, YJS, DD, QDN. All authors read and approved the final manuscript.

No other authors have received any financial funding or support

Not applicable

Not applicable.

Not applicable.

YJS has received research support from Astellas, Genentech, and Optovue, and serves on the Scientific Advisory Board for Genentech/Roche, Optos, and Regeneron. QDN serves on the Scientific Advisory Board for AbbVie, Bayer, Genentech, Regeneron, and Santen, among others. QDN also chaired the Steering Committee for the STOP-Uveitis Study and was on the Steering Committee for other studies sponsored by Genentech and Regeneron. DVD serves on the Scientific Advisory Board for Allergan, Genentech, Kodiak, Regeneron, and Santen and she has received research support from Genentech and Regeneron.
